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Flat Dispersion Frequency Discriminator (FDFD) 
Background of the Invention 
[0001] 1. Related Application. 

[0002] This application claims priority to U.S. Provisional Application No. 60/4 1 6, 1 02, filed 
October 4, 2002, which is hereby incorporated by reference. In addition, U.S. Patent Application 
No. 10/289,944, entitled Power Source for a Dispersion Compensation Fiber Optic System filed 
November 6, 2002, is hereby incorporated by reference. 
[0003] 2. Field of the Invention. 

[0004] This invention provides a frequency discrimination capable of providing a 
substantially flat dispersion in a fiber optic system. 
[0005] 3. General Background. 

[0006] A frequency modulated laser source is modulated with digital data and the resulting 
output is passed through an optical frequency discriminator. The input to the discriminator is 
arranged to have a small amplitude modulation and sufficiently large frequency modulation. The 
frequency discriminator (FD) increases the extinction ratio of the output. In a fiber optic 
transmission system, which is limited by fiber dispersion, a frequency discriminated directly 
modulated laser transmitter (FDDML) provides a low chirp output in a compact package. 
[0007] A frequency discriminator may be chosen to partially compensate for the dispersion 
in the transmission fiber and convert frequency modulated (FM) signal from a laser source to 
substantially amplitude modulated (AM) signal. The dispersion compensation aspect may be 
particularly applicable for high bit rate applications such as 10 Gb/s. To achieve a high 
frequency discriminator slope for high bit rates, a coupled multicavity (CMC) bandpass filter 
may be used on the edge of its transmission. A CMC may be made from depositing thin layers 
of alternating materials having high (H) and low (L) refractive indices. As illustrated in FIG. 
1(a), a single cavity may be formed from an integer number of layers having a thickness of A/2, 
sandwiched between a stack of A/4 thick alternating high and low index layers, where A. is the 
design wavelength of light. FIG. 1(b) illustrates a CMC filter formed from a number of such 
cavities capable of producing a pass band and sharp slope transmission edges. 
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[0008] FIGS. 2(a) and 2(b) illustrate the filter transmission of a flat-top three-cavity CMC as 
well as its dispersion in units of ps/nm. In this FDDML, the modulated signal is spectrally 
aligned to be on either the positive slope 201 or the negative slope 202 of the discriminator. The 
discriminator may partially compensate for the dispersion of the fiber if the output signal 208 is 
spectrally aligned with the portion of the frequency discriminator spectrum 204, 205, 206, or 207 
having dispersion opposite to that of the fiber. However, the dispersion changes sign near the 
transmission edges 201 and 202 so that care needs to be taken to ensure the spectral alignment. 
Besides the alignment, the three-cavity design may have rapid variation of dispersion with 
optical frequency that causes distortions of the optical signal due to third order dispersion. Third 
order dispersion is the derivative of the group velocity dispersion. Accordingly, there is a need 
to minimize the possibility of a misalignment and the distortion in the optical signal. 
[0009] The flat-top filter also tends to cause the output intensity pattern to be distorted by 
overshooting or undershooting the 1 bits depending on the relative spectral alignment of the laser 
output to the filter transmission. A non-return-to-zero digital data stream is often shown on a 
sampling oscilloscope in the form of an "eye diagram," as illustrated in FIG. 3, that is generated 
by superimposing the pulse train repeatedly on itself, each time shifting it by one bit period. 
FIG. 3 illustrates the eye diagram at the output of a flat top filter 300 for two different filter 
positions (b) and (c), showing the distortion. 

[0010] FIG. 4 illustrates the output power of a directly FM modulated laser. The laser may 
be biased high above threshold and its bias current modulated to produce a digital signal having a 
1-7 dB extinction ratio. As illustrated in FIG. 4b, due to line width enhancement, the optical 
frequency of the laser may undergo frequency excursion on the order of 2-15 GHz as the laser 
intensity is increased and decreased representing the digital bits. The frequency modulated laser 
signal may pass through a frequency discriminator, producing a substantially amplitude 
modulated signal with an extinction ratio greater than 10 dB. FIG. 4c illustrates the output of a 
positive slope discriminator, and FIG. 4d illustrates the output of a negative slope discriminator. 
[0011] FIG. 4b illustrates that most lasers have the sign of frequency excursion as a blue shift 
for higher output intensities. The output of the positive slope discriminator has a higher power 
compared to the negative slope discriminator. However, the positive slope discriminator has a 
positive dispersion for the typical filter illustrated in FIG. 3 where it can only compensate for 
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negative dispersion fiber. In order to compensate for the dispersion of standard fiber, which has 
positive dispersion (in units of ps/nm), the negative slope may be used near the passband, 
producing a reduced output power. As such, another objective of this invention is to design a 
CMC optical discriminator having negative dispersion on the positive slope side. A FDFD may 
be used for FDDML applications based on a distributed feed-back (DFB) laser. 
[0012] Additionally the bandwidth of the filters is another parameter that has to be 
considered. A typical signal contains frequency components over a range corresponding to the 
data rate. For example a 10Gb signal will contain frequency components in a 10GHz bandwidth 
around the carrier frequency. As a result if the bandwidth of filters used is too narrow, this will 
affect the quality of the transmitted signal and in particular it will increase the rise and fall time 
which shows up in the eyes. FIG. 5 shows the impact on eyes when a step function is passed 
through two filters with a bandwidth of 12GHz and 18GHz, respectively. The higher bandwidth 
filter has a shorter rise time from the 20% to the 80% level (23ps compared to 33ps). To pass the 
SONET mask test, as required by telecom standards, a rise time that is smaller than 35ps is 
required. After the signal is passed through the electrical 4 th order Bessel-Thomson filter, the 
rise time increases further and to pass the mask test, the rise time before the filter should be 
below about 35ps. This provides a limitation on the minimum bandwidth that a filter can have in 
this application. Typically, the bandwidth has to be at least as large as the data rate for good 
quality eyes to be generated. In addition to get high extinction at the output of the discriminator, 
the filter has to have a high slope of 1 to 2 dB/GHz. 
[0013] Summary of the Invention. 

[0014] This invention provides a flat dispersion frequency discriminator (FDFD) capable of 
having a substantially flat dispersion with either a positive or negative dispersion along the 
spectrum region of the discriminator. This way, a FDFD may not cause substantial distortion of 
the intensity pattern of its output to minimize the occurrence of distortion due to overshooting or 
undershooting of the intensity pattern depending on the relative spectral alignment of the laser 
output relative to the filter transmission. This may be accomplished by providing a filter adapted 
to receive frequency modulated signal and output a substantially amplitude modulated signal 
where the filter has a spectral profile described by a quadratic coefficient of logarithmic 
transmission with optical frequency and a substantially negative dispersion on the high frequency 
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side of the transmission peak and a substantially positive dispersion on the high frequency side 
of the transmission peak. Such a filter may be obtained by determining an ideal dispersion curve 
for a particular fiber optic application. Based on the ideal dispersion curve, the corresponding 
phase may be obtained then applying the Kramers-Kronig relationship to the curve, the 
transmission spectrum may be calculated. 

[0015] Many modifications, variations, and combinations of the methods and systems and 
apparatus of a dispersion compensated optical filter are possible in light of the embodiments 
described herein. The description above and many other features and attendant advantages of 
the present invention will become apparent from a consideration of the following detailed 
description when considered in conjunction with the accompanying drawings. 
[0016] Brief Description of the Figures: 

[0017] A detailed description with regard to the embodiments in accordance with the present 
invention will be made with reference to the accompanying Figures. 
[0018] FIG. 1 (a) illustrates a coupled multicavity (CMC) filter with a single cavity. 
[0019] FIG. 1 (b) illustrates a CMC filter with three cavities. 

[0020] FIG. 2(a) illustrates a filter transmission from a flat top CMC filter with three 

cavities. 

[0021] FIG. 2(b) illustrates a filter dispersion from a flat top CMC filter with three cavities. 

[0022] FIG. 3(a) illustrates an eye diagram at the output of a flat top filter. 

[0023] FIG. 3(b) illustrates overshooting of the output intensity pattern at the top of the filter. 

[0024] FIG. 3(c) illustrates undershooting of the output intensity pattern at the down side of 
the filter. 

[0025] FIG. 4(a) illustrates the output power of the laser before passing through a filter. 

[0026] FIG. 4(b) illustrates that most lasers have the sign of frequency excursion as a blue 
shift for higher output intensities. 

[0027] FIG. 4(c) illustrates the output from a positive slope discriminator. 
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[0028] FIG. 4(d) illustrates the output from a negative slope discriminator. 

|0029] FIG. 5(a) illustrates the impact on the eye when a step function is passed through a 
filter with a bandwidth of 12GHz. 

[0030] FIG. 5(a) illustrates the impact on the eye when a step function is passed through a 
filter with a bandwidth of 18 GHz. 

[0031] FIG. 6(a) illustrates that the filter dispersion may be selected so that it is equal to a 
negative constant -Dm for a finite band of frequencies, 2coo, on the low frequency side of a center 
frequency, and equal to +Dm for a finite band of frequencies Icoq on the high frequency side of 
the center frequency. 

[0032] FIG. 6(b) illustrates a group delay relative to frequency corresponding to FIG. 6(a). 

[0033] FIG. 6(c) illustrates the phase as a function of frequency corresponding to FIG. 6(a). 

[0034] FIG. 6(d) illustrates the transmission intensity as a function of relative frequency 
corresponding to FIG. 6(a). 

[0035] FIG. 7 illustrates another view of a transmission intensity as a function of relative 
frequency. 

[0036] FIG. 8(a) illustrates the comparison of the transmission of the FDFD discriminator 
with a three-cavity CMC filter discriminator. 

[0037] FIG. 8(b) illustrates the comparison of the dispersion of the FDFD discriminator with 
a three-cavity CMC filter discriminator. 

[0038] FIG. 9 illustrates the transmission on logarithmic scale, transmission on linear scale, 
group delay in ps, and dispersion in ps/nm as a function of relative optical frequency. 

[0039] FIG. 10 illustrates the definitions of local and average slope on the logarithmic 
transmission versus frequency scale. 
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[0040] FIG. 1 1 illustrates a periodic filter transmission where frequency differences between 
two peaks may be chosen as a desired free spectral range. 

[0041] FIG. 1 2 illustrates transmission as a function of frequency for a periodic filter. 

[0042] FIG. 13 illustrates a thick multicavity filter design that has a flat top with a 
corresponding dispersion profile. 

[0043] FIG. 14 illustrates transmission relative to an angle for a typical filter at a fixed input 
wavelength. 

[0044] FIG. 15 illustrates different approaches to achieving the smoothing effect because of 
the periodic nature of the graph of transmission against Angle 1/2. 

[0045] FIG. 16(a) illustrates an example of the transmission of a periodic three-cavity etalon 
filter incident with an optical beam having a small beam divergence at normal incidence. 
[0046] FIG. 16(b) illustrates an example of the transmission of a periodic three-cavity etalon 
filter incident with an optical beam having a small beam divergence at 3 degrees angle. 
[0047] Description of the Invention: 

[0048] The transmission spectrum of the FDFD filter may be determined based on the 
following. An ideal dispersion curve for a particular filter application is defined. Based on the 
ideal dispersion curve, the corresponding phase may be obtained. Then, the Kramers-Kronig 
relationship may be applied to calculate the transmission spectrum. A standard optimization and 
filter design package may be then used to synthesize the desired filter function starting from a 
close approximation. For example, a FDFD based on a 93 layer CMC may be used. 
[0049] FIG. 6(a) illustrates that the filter dispersion may be selected so that it is equal to a 
negative constant ~D m for a finite band of frequencies, Icdq, on the low frequency side of a center 
frequency, and equal to +D m for a finite band of frequencies 2coq on the high frequency side of 
the center frequency. The frequency relative to the center frequency may be defined where the 
dispersion is defined in units of ps/nm and is related to the phase of the filter, <|), by the relation: 

X 2 Pl ~ A 2 do 2 ' (1) 
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[0050] Where D is in units of ps/nm, and f> 2 is in units of ps 2 . Because of their definitions 
and corresponding units, D and p 2 have opposite signs. Integrating Eq. 1 with respect to 2coo. the 
group delay as illustrated in FIG. 6(b) may be obtained as a function of relative frequency: 

T = -*l (2) 

dco 

10051] And integrating Eq. 2 with respect to Icoq, the phase as a function of frequency as 
illustrated in FIG. 6(c) may be obtained. The relation for the phase of a FDFD filter may be 
given by a piecewise continuous function: 

= -(Djo) 2 0 )(o) - 6> 0 ) 2 + A. f or -2a> 0 <&<0 

= (DJg>1){g> + co,) 1 -D m for 0<a>< 2a> 0 

<f>(6)) = 0 otherwise 

(3) 

[0052] The intensity transmission spectrum, T(co), of the FDFD may be derived by using the 
Kramers-Kronig relation as given in Optical Filter Design and Analysis by C.K. Madsen and J. 
H. Zhao: 

V X h CO 2 -6)- 

[0053] Here co = 27r/is angular frequency, and P stands for the principal value of the integral 
as defined in standard text books such as Classical Electrodynamics by J.D. Jackson. Since the 
Kramers Kronig relation is a convolution integral, it can also be solved by Fourier transformation 
and multiplication. 

[0054] Using Eq. 3 and Eq. 4, the intensity transmission plotted may be calculated on dB 
scale as illustrated in FIGS. 6(d) and 7 as a function of relative frequency. The functional form 
of the intensity transmission may be approximated by: 

T{co) = exp(-a sin 2 (j3(co - 6) 0 ))) (5) 

where a and (3 are fitting parameters. This functional form is a gaussian 
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r(«)~exp(-K^-^o) 2 )> (6) 
near the peak of the transmission where p{o) -a> Q )«\ up to the wings if the curve, where the 
transmission is very low. Since the energy of the optical signal transmitted through the filter 
near the high loss frequencies is small, the flat dispersion filter can be well simulated by a 
gaussian filter. Accordingly, one aspect of the invention is to provide a filter with spectral 
profile that is substantially similar to the gaussian profile near the peak of the transmission. 
When transmission is plotted on dB scale, as is common, the transmission of a gaussian filter 
will be a quadratic function of optical frequency, and can be described by a quadratic coefficient 
y i n dB/GHz 2 . A higher quadratic coefficient makes for a higher slope, higher dispersion, and 
typically smaller bandwidth. A frequency discriminator having a substantially quadratic 
transmission versus optical frequency curve on a logarithmic scale is therefore another 
embodiment of the present invention. 

[0055] FIGS. 8(a) and 8(b) illustrate the comparisons of the transmission and dispersion of 
the FDFD discriminator with a three-cavity coupled multicavity (CMC) filter discriminator, 
respectively. FIG. 8(a) illustrates the optical spectrum of the substantially frequency modulated 
signal 601 incident on the frequency discriminator and the transmission of the three-cavity filter 
602 and the FDFD 603. Note that the spectrum 601 represents the frequency modulated NRZ 
input data, having two main peaks, 614, corresponding to the Is bits and 615 corresponding to 
the zero bits. In this mode of operation, the positive slope discriminator is used and corresponds 
to FIG. 4(c) in the time domain. For most DFB lasers this may be the desired mode of operation 
because it produces a higher output power at this mode. 

[0056] FIG. 8(b) illustrates the dispersion of the three-cavity filter 604 and the dispersion of 
the FDFD 605 as a function of relative optical frequency. As the vertical dotted lines show, the 
optical signal passing through the three-cavity discriminator experiences the positive dispersion 
peak 606, while the same signal passing through an FDFD discriminator experiences negative 
dispersion 607. This may also cause distortion. Therefore, the use of the FDFD provides at least 
a partial dispersion compensation for a standard transmission fiber, which has positive dispersion 
at the operating wavelength of 1.5 um. The FDFD may also be used in the negative slope mode, 
where the dispersion of the filter is positive and compensate for fiber having a negative 
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dispersion. As such, the FDFD may compensate for the dispersion in the transmission fiber 
compared to the standard three-cavity discriminator. 

[0057] One example of the physical design of the FDFD may be demonstrated using a 
standard thin film simulation software such as TFcalc by Software Spectra. An example of the 
FDFD filter may be formed using a coupled multicavity (CMC) composed of the following stack 
formula: 

(LH) 9 (LL) 2 (HL) 9 H(LH) 9 (LL) 3 (HL) 9 H(LH) 12 (LL) 2 (HL) 12 (6) 

In this formula L represents a X/4n s thick layer of Si0 2 , with refractive index n s = 1.47, and H 
represents a \IAn T thick layer of Ta 2 0 5 , with refractive index n T = 2.09, where X is the design 
wavelength in vacuum. Also a quantity raised to a power means that quantity is repeated many 
times; for example: (HL) 9 = HL HL HL HL HL HL HL HL HL, etc. The stack formula in (6) is a 
three-cavity design with 3 mirrors having, 9, 9, and 12 (HL) stacks, and three corresponding 
cavities having 2, 3, and 2 (LL) layers. Note that each cavity is an integer number of 7J2n s 
layers. 

[0058] FIG. 9 illustrates the transmission on logarithmic scale, 701, transmission on linear 
scale, 702, group delay in ps, 703, and dispersion in ps/nm 704 as a function of relative optical 
frequency. The dispersion remains positive and nearly constant 705 over a bandwidth of 20 GHz 
on the high frequency side and remains negative and nearly constant 706 over a 20 GHz 
bandwidth on the low frequency side. This functional form resembles a Fourier synthesis of a 
square wave with a few Fourier components. 

[0059] Besides the design discussed above, additional layers may be used to give more 
flexibility in design. That is, a large number of different stack formulae using different 
combinations of high and low index, different materials, can be used to produce an 
approximation to the dispersion flattened frequency discriminator. The specific stack formula 
Eq. (6) has the advantage that it is made of quarter wave thick stack of layers, which makes the 
thin film deposition more readily manufacturable. 
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[0060] In order to be useful as an optical discriminator for 1 0 Gb/s application in a frequency 
discriminated transmitter, the filter may need to be designed to have high enough slope, while 
minimizing distortion. Figure 10 shows the definition of local and average slope on the 
logarithmic transmission versus frequency scale. On one side of the transmission peak of the 
filter 1040 a point on the filter may be defined as the operating point 1030. Referring to Fig. 8, 
the operating point corresponds approximately to the spectral position of the Is bits, 614, when 
the filter is used in conjunction with a frequency modulated non-return-to-zero (NRZ) signal. 
For a directly modulated laser the operating point is typically on the long wavelength side of the 
transmission peak. The average filter slope may be defined as the ratio: 

{R) = \0dB/(F op -F op _ l0 ) ( 7 ) 

where F is frequency in GHz. Typically an average slope of <R> = 0.8 dB/GHz to 2 dB/GHz 

may be needed for a 10 Gb/s directly modulated laser. The gaussian filter example of Fig. 9 is 

-0.89 dB/GHz, which makes it applicable to frequency-discriminated directly modulated lasers 

transmitters. A higher slope provides a larger FM to AM conversion and a higher extinction 

ratio after filter. The slope at the operating point 1030 may be also defined as the first derivative 

of the logarithmic transmission in dB with optical frequency in GHz: 

r JJ^ (8) 
op df ' 

[0061] Unwanted FM noise on the Is bits may be converted to AM noise at the operating 
point. Thermal chirp, which results from heating of the active region of a directly modulated 
laser, for example, can cause substantial AM noise after transmission through the filter. To 
minimize this effect, a small operating slope may be one of the design requirements. For 
example, the slope on the operating point may be kept below about < 0.5 dB/GHz, for an 
acceptable noise level on the output signal, while maintaining a high average slope. 
[0062] Alternatively a multicavity periodic filter can be used where the cavities are thick 
films. The thickness of the cavities may be designed to produce a desired free spectral range. 
For example, FIG. 12 illustrates a periodic filter transmission where frequency differences 
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between two peaks may be chosen as a desired free spectral range. The free spectral range is 
given by c/2 nd where c is the speed of light; n is the refractive index of the cavity; and d is the 
cavity thickness. For instance, a fused silica substrate may have a refractive index of 1 .444; and 
if a cavity thickness of 2.08mm is used, then based on the above formula (7), a free spectral 
range is about 50GHz. In telecom applications the free spectral range may vary between about 
25 GHz and about 200 GHz. 

[0063] With a periodic discriminator filter, peaks may be formed every 50GHz so that the 
laser can be tuned to a maximum of 50GHz (typically a temperature difference of about 4° C) to 
get to a filter edge as illustrated in FIG. 1 1. In addition, the periodic discriminator filter may be 
used with a tunable laser by choosing a suitable free spectral range. For example, in a telecom 
system, for a DWDM application a tunable directly modulated laser might be required to be 
tuned onto the ITU grid with a channel spacing of 50GHz. With this invention, a periodic filter 
with a free spectral range of 50GHz may be used a tunable directly modulated laser tuned to a 
channel spacing of 50GHz. 

[0064] To satisfy telecommunication specifications the quality of the eye that is obtained 
after the filter may need to be preserved. The shape of the filter can determine the quality of the 
eve thereby determining whether the requirements of the telecommunication are met. In 

~ J - 7 J «w 

general, a Gaussian profile may provide the optimum shape for the filter as illustrated in FIG. 9. 
Filter dispersion may be used as a monitor of the filter shape, as they are connected through 
Kramers Kronig relation. To obtain a good eye after the filter, a unipolar substantially flat 
dispersion profile may be required as shown in FIG. 9 and negative on the long wavelength side 
of the transmission). The phase of the filter, which is another related parameter, is also nearly 
linear over the filter bandwidth. 

[0065] FIG. 13 illustrates a thick multicavity filter design that has a flat top with a 
corresponding poor dispersion profile. Another way of obtaining a filter with the shape 
substantially similar to Gaussian profile is by tuning the angle of incident of the optical beam to 
the surface of the filter to a value higher than 0 degrees. For instance, tuning the angle to about 1 
to about 3 degrees may provide a filter having a Gaussian profile. As an example, FIG. 14 
illustrates how transmission varies relative to an angle for a typical filter at a fixed input 
wavelength. A graph of the transmission against Angle" 2 may look similar to a graph of 
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transmission against the wavelength. This correlation may be used to change the filter shape. 
For example, FIG. 15 illustrates a beam incident on a filter with a divergence of 1201 equal to 
0.1° As an approximation this beam contains rays at angles between -0.1° and 0.1°. If this beam 
is incident upon the filter at an angle of 1208 equal to 1° for example, different parts of the beam 
have different transmissions. The overall effect is an averaging of the transmission function. 
This leads to a smoothing of sharp features in the filter function and a shift towards a rounded, 
Gaussian type filter profile that has unipolar dispersion to achieve the performance 
characteristics. 

[0066] FIG. 15 illustrates different approaches to achieving the smoothing effect because of 
the periodic nature of the graph of transmission against Angle 172 . For example, a divergence of 
0.4° at an angle of incidence of 1 0 is equivalent to a divergence of 0. 1 0 at an angle of incidence of 
2°. Thus it is possible to use either a low beam divergence 1203 at a large angle of incidence 
1206 or a high divergence 1201 at a low angle of incidence 1208. FIG. 16 illustrates an example 
of the transmission of a periodic three cavity etalon filter incident with an optical beam having a 
small beam divergence at normal incidence (a) and at an angle 3 degrees (b). 
[0067] The approach which is adopted depends on the required application. One example is 
the use of filters in telecoms when stability over life and temperature is required. The corollary 
of the angular performance shown above is that the filter position is less sensitive to angular 
changes at low angles of incidence. Since stability is a key requirement for telecommunication 
applications, the approach of using large divergence at a low angle of incidence is preferred. 
[0068] While various embodiments of the invention have been described, it will be apparent 
to those of ordinary skill in the art that many more embodiments and implementations are 
possible within the scope of this invention. Accordingly, the invention is not to be restricted 
except in light of the attached claims and their equivalents. 
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